A new method for constructing the kernels of the resonating group formulation in analytic way is presented in the "0 + "0 system, where the harmonic oscillator (Os) • (Op) 12 configuration is assumed for the 16 0 ground state. The real phase shifts· calculated from a simple effective two-nucleon potential are compared with those given by the phenomenological potential. The predicted resonance energies as well as the energy eigenvalues obtained in the bound-state approximation show the rotational feature similar to the energy surfaces given by the generator coordinate method. The behavior of the relative wave functions shows that the 16 0-"0 interaction is characterized by the following three regions: In the innermost region (relative distance r$3.8 fm) the inner oscillation is corn:pletely damped due to the dominance of the Pauli principle, in the outermost region (r~5 fm) related to a few important surface partial waves the potential picture is valid and in the intermediate region shell nuclei. 2 l The optical model analysis has succeeded in reproducing the general trend of the gross structures by the use of the shallow real potentiaPl and improving the fit by the modifications such as angular-momentu m-dependent imaginary parel and real depth increasing with energy. 4 l These results indicate the validity of potential description for nucleus-nucleus interaction, but theoretical foundation is still open. As the energy range where the gross structures show up is considerably higher than the Coulomb barrier, it is not easy to obtain information on the inside of nucleus-nucleus interaction masked by absorption effect, while information about the grazing region is available through a few importa~t surface partial waves. There are a lot of parts of nucleus-nucleus interaction whose properties cannot be determined phenomenologica lly. Therefore, it is important to theoretically investigate the properties of nucleus-nucleus interaction and to provide basis for the features empirically found,
§ I. Introduction
The excitation function of 16 0-16 0 elastic scattering has shown the striking gross structures in the energy range of center-of-mass energy Ecm = 20~30 Me V,Il in the most pronounced manner among similar gross structures observed between pshell nuclei. 2 l The optical model analysis has succeeded in reproducing the general trend of the gross structures by the use of the shallow real potentiaPl and improving the fit by the modifications such as angular-momentu m-dependent imaginary parel and real depth increasing with energy. 4 l These results indicate the validity of potential description for nucleus-nucleus interaction, but theoretical foundation is still open. As the energy range where the gross structures show up is considerably higher than the Coulomb barrier, it is not easy to obtain information on the inside of nucleus-nucleus interaction masked by absorption effect, while information about the grazing region is available through a few importa~t surface partial waves. There are a lot of parts of nucleus-nucleus interaction whose properties cannot be determined phenomenologica lly. Therefore, it is important to theoretically investigate the properties of nucleus-nucleus interaction and to provide basis for the features empirically found,
The microscopic theory of nucleus-nucleus interaction, whichtakes full account *l Present address: Reactor Safety Evaluation Laboratory, Japan Atomic Energy Institute, Tokai-mura, Naka-gun, Ibarakiken. of the effect of the Pauli principle, has been recently developed. Various attempts have been made to extend the applicability of the resonating group method (RGM) successful for scattering of s-shell nuclei 6 l into the heavier systems involving p-shell nuclei, especially of 4n-type. 6 l~ll) Although direct application of the generator coordinate method (GCM) to nucleus-nucleus scattering has been shown to be practically useful in the a-a 12 l~1 4 l and a-16 0/ 5 ) there still remain mathematical problems concerning high frequency component entering into the GCM weight function. At present, therefore, the RGM seems to be the best way to describe the relative motion between nuclei. Recently systematic and practically possible ways have been developed to transform the kernels analytically in the generator coordinate space (we denote this parameter space by R-space) into those in the dynamical variable space (denoted as r-space).7l' 9 l In this paper which deals with 16 0-16 0 interaction, a new method is 'presented to construct the kernels in r-space analytically. ,Thus we are free from the difficulty encountered in numerical transform of the kernels, which has been recently reported by Friedrich. 11 l
In a previous report/ 6 l calculating the 16 0-16 0 relative energy under the angular momentum projection in R"space, we pointed out that three prominent peaks in the gross structures at Ecm ::::::20; 25 and 30 MeV can be regarded as corresponding to the quasi-molecular rotational levels and that the inner repulsive effect appears owing to the Pauli principle. This result corresponds to the "fast case" by Pruess and Greiner who adopted the two-center shell model. 16 l Yukawa 19 l proposed a method to describe a relative "wave function" (strictly speaking, a modified GCM weight function without redundancy) and_ obtained a local effective "potential" in R-space with diverging repulsive core. As is often emphasized in the a+ a system, the repulsive core is a model representation of the damped and energy~independe nt inner oscillation. 6 l Therefore, in order to assert the existence of an effective repulsive core in nucleusnucleus interaction, it is necessary to confirm the damping of the relative wave function dominated by the Pauli principle in the region where two nuclei strongly overlap. For this purpose, we should treat the problem in r-space.
In this paper we first present a new method to derive analytically the RGM kernels by means of a transformation (which we call "double Fourier transform") from R-space to r-spac~. In performing this it is essential to have an analytic form of the GCM-kernels. One of the authors (A.T.) noticed that the analytic derivation of the GCM-kernels is possible even for the system involving many particles such as 16 0 + 16 0 and found a way to derive both the GCM-and RGMkernels analytically, wher.e the coefficients characterizing each term of the kernels are stored in computer memory. For the a+ 16 0 system, HoriuchFl invented a new analytical method of calculating the RGM-kernels by treating the lighter particle as a cluster in the valence orbits outside the core of the heavier particle and Kamimura and Matsuse 9 l utilized the harmonic-oscilla tor expansion of the kernels. The method presented here has the following advantage for considerably large systems such as 16 0 + 16 0: It eliminates laborious manual work needed to write down all the expressions of the kernels and it enables us to get the kernels for the case where the harmonic-expansion method is hardly applicable.
Solving the RG M-equation we extract characteristic features of the relative wave functions. The calculated phase shifts (real) are compared with those obtained phenomenologically and the predicted resonance energies with the energy eigenvalues obtained in the bound-state approximation and the minima of the energy surfaces; A discussion is given of: At what extent the 16 0-16 0 interaction can be understood in logical extension from the a-a and a-16 0 ones and what properties appear newly in the 16 0 + 16 0 system with an internal structure more abundant and complex than the a+ a and a+ 16 0.
Formulations and definitions are given in § 2, construction of kernels is explained in § 3, the results and discussion are given in § 4 and § 5 is devoted to concluding remarks. § 2. Formulation and definition
In this section, shown is a formulation to derive the kernels and the wave functions. We start with the Slater-determinantal wave function-of 32 nucleons which represents the intrinsic states of two 16 0-clusters separated by R in the scheme of the GCM:
where ¢±R/2 denote the normalized shell-model states of two 16 0 centered -about ± R/2, <Pa the one-particle state in the product form. Jl denotes the total antisymmetrization and Jl 12 is the antisymmetrizer between two clusters.
A variational wave function is given by the superposition of (])R with a generator coordinate R:
The weight function f(R) is determined by the Hill-Wheeler integral equation: = s{EKN(r,r') -KH(r,r')}x(r')dr'=O (6) with the normalization kernel
and the energy kernel KH(r,r')={T,.+ Vn(r) +2E,W~>}tJ(r-r') +KT(r,r') +Kv(r,r').
T,. and Vn(r) come from the non-exchange term of the relative kinetic energy and the relative potential part. ';Also the kernels are defined by
where S in the R.H.S. is the relative variable to be integrated. 7 l The relative wave function X (r) is related to f(R) through the Gaussian (8) because, by using the separability of the relative and center-of-mass part, we have
if we assume the harmonic oscillator (H.O.) (Os)' (Op/ 2 state for ¢ (1 6 0); namely we take the one-particle state as
In order to obtain the RGM-kernels from the GCM-ones, we once need to trans-*r The expression <IOI> means the integration over all the variables involved and <IOI>r that over the variables except r. The terms involving lJ(r-r') are called the direct term. form the representation from R-space to the momentum space:
X <eik·S¢ C 6 0t) ¢ C 6 02) I { ~} 1Jl12{eik'·S¢ csol) ¢ C 6 02)} > .
(11) The bracket in the R.H.S. is the Fourier transform of the RGM-kernels. We can get the RGM-kernels from 3rtH(k, k:) and 3rtN (k, k') by the use of the following transform :
(12) The "double Fourier transform" thus obtained leads to
Using the product form of Eq. (1) as the wave function, we evaluate the RGM-• kernels through the transformation of Eq. (13).
We will try to get the RGM-kernels after constructing the analytical form of the GCM-ones. For example, if the superposition of the Gaussian functions is assumed for the nucleon-nucleon interaction, both the normalization kernel and the energy one without the Coulomb part have in general 'the following form:
· Substituting Eq. (14) into Eq. (13), after straightforward calculations, we obtain the analytical form of the RGM-kernel: 
The differentiation with respect to E1t, E2i and Eat is carried out by the use of the recurrence formula. Then the sum is over the new sets (C/, n/, l/, m/, E~, E;i and E;i), where each term in_ Eq. (14) is separated into several terms with the same exponent in Eq. (15) . When C0 is zero, the expressions contain the c)-function. The relative wave function X (r) contains the redundant solutions ;:<£> (r) forbidden by the Pauli principle. To say something definite in terms of the relative wave function, we should eliminate such redundancy. As the redundancyfree quantities we have the following three:
where the operator K denotes the overlapping kernel (K (r, r') m Eq. (6a)) whose eigenfunction expansion is expressed as K (r, r') = E r JX<M (r) x(j) (r').
• j (all) (17) The forbidden states with rt= 1 are automatically eliminated in x, cp and U and these become orthogonal to ;:<£>. As shown by Saito, Okai, Yasuno and one of the authors (R.T .) , 20 
. Construction of kernels
In this section we show a procedure for constructing the kernels under the no-polarization approximation in the elastic channel. For the case of the one-nucleon wave function given by Eq. (10), the normalization kernel in R-space has the following form: (20) where Bi1 = (¢iRI¢JR), ¢iR and ¢JR' denote the spatial parts of ¢a and others, which can be divided into eight parts (one (Os) and three (Op) states in each 16 0) from the maximum orbital symmetry. As two-nucleon interaction we adopt a central potential 
where the suffix + (-) indicates the 16 01 C 6 02) in the plus (minus) side and tr, and A come from x, y and z components. The det B11 is calculated as (25) where (25a)
Then the inverse matrix elements are obtained as follows: 
where a=a/(a+2{3). E.,
n, z, m, I k' E., (20) and (25}, we obtain the normalization kernel. These kernels can be rewritten with respect to the power of G ±· One half of the power of G + is related to the number of the particle-pair exchange as pointed out by Suzuki. 8 l As an example, to . show the structures of the GCM -kernels, we extract all the one-particle-pair exchange terms and arrange them -into the form given in Table I 
where the direct parts arising from the non-exchange term can be given by straightforward calculations: Is it possible to construct the RGM-kernels from the numerical GCM-kernels by using Eq. (13)? The behavior of the RGM-kernels in the interactive region cannot be derived by this method because the treatment of high frequency components by means of a numerical computation is practically impossible. However, such a numerical method is expected to be useful as far as concerned with the outside region/ 1 ) if the RGM-wave function in the inside region can be shown to have a vanishingly small amplitude or to have a stable inner oscillation. This is nothing but the task to be solved by microscopic treatment, the result of which has been first given by the present authors, 22 and Xz (r) ttis defined as
The effective local potential for cp adopted as a suitable relative wave function without redundancy can be found through
where Ecm = E-2EH0l and cp1 (r) is the l-th partial wave of cp. The validity and limitation of V 1eff (r) thus derived should be considered in close correspondence to the behavior of cp1•
(1) Energy levels and phase shifts
We have shown in a previous work 16 l that the energy surfaces given by the diagonal parts of the GCM-energy kernel, E1 (R), Such correspondence has been found by means of the GCM calculations in the bound state approximation. 22 l The Coulomb energy kernel in the RGM is approximated by -../1-K 1(r, r') X V n caul (r) v'I=-k 1(r, r') since the precision has been confirmed for the a+ 16 0 system by Kamimura and Matsuse. 25 l On the other hand the numerical values of the Coulomb part in the GCM-kernel are exactly calculated with the two-body Coulomb force.
(2) Wave functions
In Fig. 3 (a) , the relative wave functions (fJz are shown for some typical values of l. The behavior of (fJz suggests that it is appropriate to consider the (i) The inner oscillation is completely damped reflecting the important role of the Pauli principle through the almost forbidden states. This property physically indicates the existence of a hard-core-like repulsion in the innermost region.
(ii) Many non-redundant solutions shift the outer wave to larger separation by ~0.5 fm. These characteristic features cannot be reproduced simply by increasing the number of the orthogonality conditions (XNicp)~o with rN~1, N>24 in addition to (XNicp)=O for N<22. As reported earlier/ 2 l these features are also confirmed by the wave functions cp1 obtained through the Gaussian transformation (8) from the GCM-weight function in the bound-state approximation.
In region II, the direct potential Vn becomes deeply attractive and the Pauli principle plays an important role through the exchange kernels. The wave function cp1 (r) in this region has no node at low energies and shows the oscillatory behavior as the energy goes higher. The energy eigenvalues which are calculated only for the nuclear part and shifted by the Coulomb direct term are shown in Fig. 5 . There exists no bound state below the threshold energy into two 16 0-nuclei for m>0.65. These facts indicate that the exchange kernels play the role to cancel the effect of the deeply attractive V n and make the total interaction in this region fairly weak.
(3) Effective potential
Effective local potentials vrr (r) calculated from cp1 (r) through Eq. (32) are shown in Fig. 3 (b) . The V 1 eff (r) in the outer regions are much weaker than Vn. The energy and angular momentum dependence of V 1 eff(r) is not so strong. Therefore, the potential picture is valid in region I and the interaction may be substituted by a rather simple potential.
The modified GCM-weight function without redundancy used by Yukawa is defined by g(R) = s N(R, R')f(R')dR'. ( 
38)
The effective local "potential" for g (R) is treated as if H:, 1 (R, R') jN (R, R') ~ V (R) () (R-R') is assumed where H:,1 (R, R') is a part of H(R, R'), the term of relative potential kernel_1 9 l The angular mometum projection of yGcM(R), v!GCM(R) is shown in Fig. 3(b) . The vpcM(R) has a diyerging core in region III where the inner oscillation is strongly damped"l' 23 ) and shows the features similar to Vtff (r) in the outer regions. § 5.
Concluding remarks
We point out that the 16 0_1 6 0 interaction is composed of three characteristic regions:
(1) grazmg region (region I), r?:5 fm , (2) surface region (region II), 5>r?:3.8 fm , (3) core region (region III), r<3.8 fm . The features of region I suggest that on the basis of the reasonable energydependent behavior of. the theoretical o1 the 16 0-16 0 interaction is described by the attractive real potential, although resonance energies are rather sensitive to two-nucleon force parameters. The strongly damped inner oscillation in region III means the role of the Pauli principle preventing two nuclei from complete melting (the existence of a structural core in the fast process), which includes the effect not only of the forbidden states but also of the almost forbidden states in the 16 0 + 16 0 system. The interaction in region II seems to be reasonably described by the direct potential plus exchange kernels of the RGM, whose net effect is weakly attractive. For determination of the interaction in this region, it is necessary to investigate the dependence on two-nucleon forces in fuller details and to compare the calculated cross sections with the experimental data by making use of the RGMinteraction obtained in this paper, introducing a phenomenologica l imaginary potential.
Although the starting point is the same GCM as other microscopic methods, our method to construct the RGM-kernels has an advantage in the treatment of the heavier system than s-shell nuclei because it enables us to eliminate the ambiguity of numerical calculations in R-space and to get the analytical form of the RGM-kernels stored in computer memory. This method is expected to provide a possible way of investigating the interaction between the other pshell nuclei and even some multi-cluster problems of light nuclei by the RGM.
